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Abstract—We present electrothermal microelectromechanical
(MEMS) actuators as a practical platform for straining 2D
materials. The advantages of the electrothermal actuator is
its high output force and displacement for low input voltage,
but its drawback is that it is actuated by generating high
amounts of heat. It is crucial to mitigate the high temperatures
generated during actuation for reliable 2D material strain device
implementation. Here, we implement a chevron actuator design
that incorporates a thermal isolation stage in order to avoid
heating the 2D material from the high temperatures generated
during the actuation. By comparing experiment and simulation,
we ensure our design does not compromise output force and
displacement, while keeping the 2D material strain device stage
cool. We also provide a simple analytical model useful for quickly
evaluating different thermal isolation stage designs .
Index Terms—Microelectromechanical Systems (MEMS), 2D
materials, strain engineering, thermal management, Raman spec-
troscopy, IR thermometry, finite-element simulation.
I. INTRODUCTION
2D materials such as graphene and molybdenum disulphide
demonstrate tunable material properties under mechanical
deformation such as tensile strain, showing great potential
for utilization in electronics [1]. While their bulk material
counterparts, such as bulk silicon, break at nominal strains
of less than 2% [2], atomically thin crystals are capable of
withstanding reversible strains up to 20% without degradation
in material quality [3], [4]. Existing methodologies for strain
engineering 2D materials typically include manipulation of
the underlying substrate such as bending [5] or elongating
[6] flexible substrates, piezoelectric stretching of substrates by
applying a gate voltage [7], or using differential pressures on
membranes over wells [8], [9]. These techniques pose diffi-
culties in implementation and in integration into commercial
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electronics. Microelectromechanical systems (MEMS), on the
other hand, possess all the functionalities of existing tech-
niques for employing strain with the added advantages of being
finely controllable, easily integrated into electronic devices due
to their established commercial manufacturing process. MEMS
actuators that operate by electrocapacitive or electrothermal
action provide displacements in-plane suitable for straining
2D materials. Electrocapacitive comb-drive actuators consist
of a series of interdigitated fingers acting as microcapacitors,
and they are popularly utilized for their zero DC power usage
and hence low operating temperatures. However, the actuation
voltages run high for electrocapacitive actuators (>20V) and
the resulting force is only on the order of µN , all while taking
up significant chip area [10]. Electrothermal actuators, such as
chevron actuators, are a strain platform with high output force
(on the order of mN ) and displacement with low operating
voltages and device footprint [11]. The viability of this plat-
form has already been investigated for strain engineering of
metal thin films [12] and carbon nanotubes [13]. A significant
drawback to electrothermal actuators is the generation of heat
as means to produce displacement, with actuator temperatures
that can swing from room temperature to ∼800 °C [14]. To
use chevron actuators for 2D strain engineering, it is crucial
to include thermal management of the 2D films as mechanical
and structural properties of the materials are altered with
temperature.
(a) Standard Device SD (b) Thermal Isolation Stage
(TIS) Device
Fig. 1. SEM images of Standard Device (SD) and Thermal Isolation Stage
(TIS) Device. In fig 1 b), the 2D strain device stage is isolated from the
heat generated by the chevron actuator by the thermal isolation stage. The
inset shows the 2D material Strain Device Stage with a fictitious 2D film in
purple spanning the gap between the anchored stage and the moving stage.
The scalloped edges provides a visual Vernier.
Here we present a chevron actuator device design with a
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thermal isolation stage (TIS) in order to reduce the temperature
at the 2D material strain device stage without sacrificing on
output displacement and force. The TIS device is compared
with a standard device (SD) without the thermal isolation
stage. We have improved the thermal management signifi-
cantly compared to previous thermal management designs with
a less than 10 °C increase at the 2D strain device stage at the
highest actuation voltage while maintaining the high output
force (∼4 mN ) and displacement (∼2.5 µm) of our standard
device.
Fig 1 shows SEM images of chevron type electrothermal
microactutors with and without the thermal isolation stage.
The SD, in Fig 1a, consists of the chevron actuator stage
and 2D strain device stage. Fig 1b shows the TIS device.
Our design combines thermal resistor tethers, such as those
used by Saleh et. al. [12], and heat sink beams [13], [15],
[16] to provide thermal management. Previous work using
electrothermal actuators for tensile testing of materials deal
with the problem of temperature control by thermal loading,
which decreases the output displacement/force of the actuator
[15], [17]. However, our thermal isolation stage successfully
prevents the 2D strain device stage from heating without
compromising the actuation.
II. DEVICE ARCHITECTURE
Our MEMS devices are fabricated by the well-established
PolyMUMPS process [18], comprised of three layers of highly
degenerately doped, surface micromachined polysilicon on
a silicon nitride substrate, interceded with sacrificial oxide
layers. On dissolution of the oxide layers in an HF bath,
two polysilicon layers are free to move and are raised off the
underlying substrate by 2 µm. The standard chevron actuator
design is made of 10 pairs of released polysilicon beams,
angled like chevrons, connected to a movable central shuttle.
The two sets of chevron beams are anchored at either end
to the substrate, where gold contact-pads provide electrical
contact. When a voltage is applied across these terminals, the
current passing through the beams generates joule heating due
to the resistivity of polysilicon. Free to move, these beams
undergo thermal expansion due to the ohmic heating, displac-
ing the whole suspended device laterally from its equilibrium
position. The angle of the chevron beams, here at 10° from
the horizontal, directs the majority of the co-planar motion
in the y-direction along the substrate [14]. One end of the
central shuttle is attached to the chevron shuttle by two parallel
thermal isolation tethers. Finally, the other end of the central
shuttle has a 2D strain device stage, where a suspended 2D
film can be reliably strained between the moving actuator and
another fixed anchor point. Fig 2 is a CAD model of our TIS
device showing the essential features.
III. MULTIPHYSICS FINITE ELEMENT MODELING AND
ANALYSIS
When designing these devices, finite-element modeling is
a useful tool to understand the displacement, current, and
thermal profile response to a voltage input to the device.
Finite-element modeling of both device designs were done to
Fig. 2. COMSOL Multiphysics model of the TIS device with the different
components labeled. All components are free to move except the anchored
parts (boxed in red). The joule-heated chevron actuator stage (top) shows
the electrical contact points (yellow circles). The green arrows indicates the
indicating direction of motion of the actuator. The purple background is the
Nitride substrate which is assumed to remain at room temperature under
actuation.
capture the integrated electrical, thermal and structural changes
of device under actuation. We use COMSOL Multiphysics
to simulate the full geometry of the devices, accessing the
Joule heating and thermal expansion modules. Fig. 2 shows
the COMSOL Multiphysics model of the TIS device.
Structurally, the anchor points shown in the model are
the fixed constraints for the devices, while the suspended
device is allowed to nonlinearly expand through a temperature-
dependent coefficient of thermal expansion. Thermal boundary
conditions on the devices allow for thermal conduction through
the polysilicon, and via air to the silicon nitride substrate
which is constrained to room temperature. Conduction through
air and silicon is dominant over convection and radiation at
the relevant temperatures [19]. Due to the short air column
under the suspended device, conduction through air is very
efficient at removing heat at higher temperatures. In contrast,
the conduction through polysilicon is less efficient at higher
temperatures. Detailed discussion of the heat transfer mecha-
nism through the TIS device is presented in Sec. VII.
Electrically, an electric potential is applied across the
chevron actuator between 0 to 10 V. The electrical conduction
through the device is modeled with a temperature-dependent
linearized resistivity, using reference resistivities given by
PolyMUMPS fabrication processing with each run. The accu-
racy of our model relies on the temperature-dependent material
properties that dictate the electro-thermo-mechanical physics
in the device. Furthermore, for polysilicon, these material
properties are related to dopant concentration and temperature
[19], [20], and are nonlinear within the typical actuation range
of our devices. Table I in the Supplementary Material details
the material properties used in the simulation.
The resulting model closely captures the displacement and
IV characteristics of the fabricated devices. Our model esti-
mated the maximum displacement for 0.4 W (10 V) of input
power for the SD and the TIS device to be 2.7µm and 2.6µm,
respectively. Hence, the improved TIS design is comparable
in both displacement and power intake to the original device,
from which we can conclude that the thermal isolation stage
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does not significantly diminish the motion of the shuttle.
Complete displacement and IV characteristics for the SD and
TIS can be found in Fig. 1 in the Supplementary Material.
IV. MEASUREMENTS
To measure the temperature of the microstructures, we used
two thermal metrology methods. IR thermometry provides a
large-area view of the devices which is useful for distinguish-
ing regions of high temperature in a rapid and qualitative way.
However, IR thermometry lacks the temperature range and
spatial resolution to resolve smaller areas on the devices, such
as chevron beams or thermal isolation tethers. Raman ther-
mometry is valid through the whole temperature range and has
high spatial resolution, but assessing temperatures over large
areas is time-consuming. The large-area overview and distinct
hotspots of the device are easily identifiable with the use of
IR while the Raman can be used to determine temperatures
of smaller components, such as the chevron actuator beams.
Hence, the two methods work in a complementary fashion to
fully capture the thermal profile of our devices.
A. Infrared Thermometry Measurements
In order to provide a large-area overview of the temperatures
in our devices, we actuated the devices using an Optotherm
IS640 thermal imaging camera with 5 µm resolution, giving
a field of view of 3.2 x 2.4 mm at a working distance o 20
mm. The thermal camera, equipped with an amorphous Si
microbolometer detector, operates within the long-wavelength
infrared range from 7-14 µm. Emissivity for the suspended
polysilicon microstructures were calibrated by recording the
thermal image at different stage temperature using a Peltier
thermal stage. The emissivity of the polysilicon for our mi-
crostructures was measured to be e = 0.4. This falls in the
range of possible spectral emissivities calculated for silicon of
0.4 to 0.71 [21]–[23], and is taken to be constant within the
operating temperature range of this device.
Fig. 3. Thermal images of the activated SD and TIS devices. Left column:
Optical images of un-activated devices (0 V). Right column: IR thermographs
of the activated devices (5V). Temperature is denoted by the color gradient
scale from 0 - 230 °C. The displacement at 5 V is XX um.
Fig. 3 shows the devices under the thermal imaging camera
when actuated to 0.14 W (5 V). It is clear that without the
thermal isolation stage, the 2D strain device stage is heated to
50% of the hottest chevron beam temperature, as seen in the
SD images. On the other hand, the 2D strain device stage on
the TIS device seemingly remains at room temperature for the
same actuation conditions.
It is clear from the IR thermal profile that the thermal
isolation stage is efficient in removing the heat generated by
the chevron actuator stage in the TIS device. For 0.14 W
input power, the temperature along the thermal isolation tethers
drops from 190 °C at point A to 21.4 °C (room temperature)
at point B, as shown in Fig. 4. The temperature decrease
is nonlinear and drops by ∼ 40% in the first 10th of the
thermal isolation tether. This temperature drop is mainly due
to conduction through air and not the conduction through
the beam, as discussion in section V. The thermally isolated
2D strain device stage (outlined with a dashed white line) is
indistinguishable from the background in the thermal image
indicating it remains at ∼RT.
Fig. 4. Wide-view IR temperature measurements along a tether. From Point
A at the start of the tether near the chevron shuttle to point B near the 2D
strain device shuttle, the temperature profile is mapped for the TIS actuated
to 0.14 W (5 V). We see that the temperature near the shuttle starts at 180
°C (point A) and dissipates to room temperature (21.4 °C) at point B. Color
scale same as in Fig 3.
B. Raman Thermometry Measurements
Raman spectroscopy is a well-established as a thermal
metrology tool for polysilicon microdevices [24]–[26]. It has
high spatial resolution, comparable to the minimum device di-
mensions, as well as high temperature accuracy. In polysilicon,
the Raman active mode is ω0 ∼520 cm−1 which linearly red-
shifts with increase in temperature within the typical actuation
range of the MEMS actuators. The temperature change ∆T
has been calibrated to be at a rate of approximately CStokes =
-0.0232 cm−1/ °C [27] so that ∆T = ∆ω/CStokes, where ∆ω
is the shift of the silicon peak from ω0.
The Stokes peak position of this Raman mode is also
sensitive to stresses in the material. However, free-standing,
fully flexible MEMS actuators grown by low-stress LPCVD
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techniques have been shown to have negligible stress-induced
bias on the peak shift [28]. Effects of internal stresses on the
coefficient of Stokes shift are therefore justifiably neglected in
calculating temperature. Raman measurements were conducted
in-situ on the devices under actuation using a confocal micro-
Raman system (Renishaw Inc). The devices were illuminated
using an Argon ion laser, λ =514.5 nm excitation, using an
Mitutoyo 100x objective (0.58 µm beam waist). An irradia-
tion power of 1 mW was used, which did not measurably
optically heat the sample. The scattered signal is detected on
a thermoelectrically cooled CCD detector. The spectral pixel
resolution is 1 cm−1/pixel, while the measurement resolution
was two orders of magnitude better [29]. 20 spectra were taken
for each data point, yielding a consistent photoelectron count
of 8×103. The standard deviation on each data point was less
than 0.01 cm−1, hence the error bars are not visible in the
graph. Fig. 2 in the Supplementary Material demonstrates the
effect of temperature on the Stokes peak of the polysilicon as
measured from the center of a chevron beam.
C. Temperature Profile Comparison
Fig. 5. Raman thermometry of the SD and TIS device devices at the center of
the 2D strain device stage. SD device: The temperature of the 2D strain device
stage increases by 180 C under device actuation. TIS device: The temperature
of the 2D strain device barely increases due to the addition of the thermal
isolation stage.
In order to quantify how well the TIS device works for
mitigating large operating temperatures, we take a closer look
at the area of interest- the 2D strain device stage of the
microactuator. The IR image in Fig. 3 shows that the 2D
strain device stage of the SD experiences high temperatures
due to proximity to the actuated chevron beams. Thermal
dissipation mechanisms are inefficient over the short range
of the device. The 2D strain device stage of the TIS device,
on the other hand, is thermally protected from the chevron
actuator stage by the thermal isolation stage. We compared
the temperature range of the center of the 2D strain device
stage through Raman thermometry, Fig. 5. Over the entire
input power range, the 2D strain device stage of the TIS
device increases in temperature by less than 10 °C, reaching
a maximum temperature of 30 °C. By comparison, the 2D
strain device stage of the SD increases in temperature by more
than 180 °C, reaching a maximum temperature of 202 °C.
Such temperatures in the region of a 2D film to be tested
will affect its mechanical, thermal and/or optical properties.
Raman thermometry of multiple points of the TIS device is
shown in 6. While the 2D strain device stage is thermally iso-
lated, the chevron beams and chevron shuttle reach maximum
temperatures of 736 °C and 469 °C respectively.
Fig. 6. Temperature breakdown for the different stages of the TIS device.
At 0.4W (10 V) input power, the highest temperatures are generated at the
chevron beams, around 730 °C. The chevron shuttle at full actuation has a
maximum temperature of around 470 °C. However, temperatures at the sample
shuttle and 2D strain device stage rise to a maximum temperature of about
32 °C and 30 °C, respectively. Thus, the thermal isolation stage successfully
circumvents the high temperatures generated by the chevron actuator stage
during device actuation.
Comparison of Raman and IR thermometries and finite-
element simulation of the temperature of the fifth chevron
beam show a strong agreement. Details of this comparison can
be found in Fig. 3 in the Supplementary Material. Experimen-
tal measurements from IR were limited to 0.19 W (6 V) to the
device to keep within the calibrated temperature range of the
Optotherm IS640 camera. We attribute the slight discrepancy
between experimental and simulated data to uncertainty in the
temperature-dependent polysilicon material parameters.
V. ONE-DIMENSIONAL HEAT TRANSFER AND LUMPED
THERMAL CIRCUIT ANALYSIS
The goal of a thermal isolation stage is to avoid a tem-
perature increase at the 2D strain device stage without ther-
mally loading the chevron shuttle significantly, which would
decrease the actuator motion a given power. In this section,
we begin with a discussion of the effectiveness of our thermal
isolation stage design, and then discuss how the thermal
loading on the actuator due to this added stage is negligible. As
the core functionality of electrothermal actuators, these devices
generate high amounts of heat, particularly at their hottest
points on the chevron beams. Our improved design capitalizes
on the high output force/displacement of the standard design
while simultaneously mitigating high temperature a the sample
end. The added thermal isolation stage in our optimized design
acts as a voltage divider circuit with shunts to prevent the
heat from reaching the 2D strain device stage. We use one-
dimensional heat transfer analysis in a simple lumped circuit
model. This analysis provides back-of-the-envelope calcula-
tions for designing thermal isolation stages under desired
constraints, e.g., reducing die space. The thermal circuit model
is useful for developing an intuition for the efficiency and
quickly assessing the heat transfer of different designs, since
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full device simulations using FEA as seen in Sec. III are time
consuming.
We begin with considering the mechanisms of one-
dimensional heat transfer. Thermal convection and radiation
are assessed to be negligible in the temperature range con-
sidered, compared to thermal conduction through air and
polysilicon [19]. Heat flux −→q due to conduction in a material
is proportional to the temperature difference ∆T . The heat
transfer along an element in one dimension can then be written
as:
q = −k A
∆x
∆T (1)
where k is the material’s thermal conductivity, A is the area
normal to heat flow and ∆x is length of heat flow. Using the
analogue to electrical circuits, we consider the temperature
gradient to be analogous with the voltage difference and heat
flow to be analogous with electrical current. Thus, we can set
up an Ohm’s Law relation for a thermal circuit:
∆T = q ·Rthermal (2)
The thermal resistance Rthermal can therefore be calculated
by:
Rthermal =
∆x
k ·A (3)
Fig. 7. TIS device as a lumped circuit thermal divider. The tether resistors
Rt,h and Rt,w in red conducts heat through the Si tethers. Rair,h, Rair,w
and Rair,RT in purple conduct heat from the tether through the air-gap to
the substrate (ground), likewise for central shuttle and resistances (Rshuttle,
Rfin). Rspring conducts heat through the spring and air. The heat currents
are denoted by qi.
We simplify our device by modeling components as thermal
resistors as seen in Fig. 7. We use Eqn. (3) to calculate
resistance values. There are two conduction pathways: through
the polysilicon, and through air between the suspended MEMS
device and the silicon nitride substrate kept at room tempera-
ture. At high temperatures, conduction through air dominates
over conduction through polysilicon, while the opposite is true
for lower temperatures. To analyze the model, we use only
three temperatures which determine the conductivities. The
maximum temperature of the chevron shuttle, Tchevron, for the
first portion of the tether is used to calculate Rt,h and Rair,h.
At the halfway point of the tether, an intermediate ”warm”
temperature Tw is used for Rt,w and Rair,w. Finally, room
temperature at the end of the tether and onwards, TRT is used
for the remaining resistances in the circuit model. We use IR
thermometry to guide the temperature choices. We determined
that the temperature T varies as function of position x along
the tether such that T ∝ x−1/2 works reasonably well. Hence,
we assign the temperature in the middle of the tether as
roughly 1/4 of Tchevron. For simplicity, the rest of the thermal
isolation stage used room temperature values for thermal
conductivities. The temperature of interest at the 2D strain
device stage is Tsample. A summary of our circuit analysis
variables and resistances, details of the temperature along the
tether and ksi and kair as a function of input power and
temperature can be found in Table II and Figs. 4 and 5 in
the Supplementary Material, respectively.
As seen Fig. 7, an equivalent resistance R|| can be used
to replace the four mutually parallel resistances Rair,RT ,
Rshuttle, Rfin, Rspring. We can also make an equivalent
resistance Req for our circuit as indicated by the dashed line in
purple in Fig. 7. We want the overall resistance of the TIS to
be low enough so that the TIS does not significantly thermally
load the actuator. In order to shunt the heat through air and
prevent it from reaching the 2D strain device stage, we want
q1 > q2 or Rair < Req . Likewise, we want q3 > q4. Finally,
R|| should be small compared to Rt,w to keep Tsample as close
room temperature as possible.
Our aim is to find the temperature of the sample Tsample
in relation with temperature generated at the chevron shut-
tle Tchevron. Using the previously defined resistances, these
temperatures can be related as:
∆Tsample =
R||Rair,w
Req(Rt,w +R|| +Rair,w)
∆Tchevron (4)
Details on the derivation can be found in Section I in
the Supplementary Material. Using the calculated resistance
values, we can calculate:
∆Tsample = 0.8%∆Tchevron (5)
According to the simple lumped circuit model, the 2D strain
device stage increases in temperature by a mere ∼1% of
the temperature generated at the chevron shuttle due to the
effectiveness of our thermal isolation stage. At the maximum
input power, 1% of Tchevron would give a temperature at
Tsample = 25 °C. This gets reasonably close to the measured
value of 30 °C and is useful for a first pass of designing the
thermal isolations stage. We followed this analysis for another
input power 0.14 W (5 V) of our device, which results in
Tsample = 1.5%Tchevron. This results in Tsample = 24 °C,
again very close to the measured value of 25.7 °C, showing
that our modeling provides a good rule of thumb for these
types thermal isolation stages. Details of the calculations for
the second input power as well the general trend of the TIS
effectiveness and Tsample as it varies with input power can be
found in Table III and Fig. 7 in the Supplementary Material.
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VI. CONCLUSION
The lumped circuit model has clearly been simplified many
times over and for more serious design reviews of the TIS sev-
eral tests with different temperatures is required. For example,
for a more accurate model, better choices of temperature can
be determined iteratively. However, as we have shown, our
model is sufficient for a first pass at analyzing the effectiveness
of the thermal isolation stage.
Recent works on using chevron type actuators for straining
materials note that the trade-off for effective thermal isolation
of the test specimen is a decrease in output force and displace-
ment [15]. We have presented a thermally isolated device that
does not compromise on the output displacement (~2.5 µm)
achieved by our standard design. Despite the added thermal
isolation stage, our design remains compact, occupying a
800 µm x 800 µm footprint. As determined by our thermal
metrology techniques, we observe a temperature increase of
≤ 10 °C from room temperature on our 2D strain device
stage at actuation temperatures of 735 °C. Finally, we have
developed a simple lumped thermal circuit model for analyzing
the thermal isolation stage. This model can be useful for
future works on optimizing the TIS device, using back-of-the-
envelop calculations instead of time-consuming simulations.
For example, to achieve even better thermal isolation of the
2D strain device stage, the tether resistance could be increased
by making the tether length longer.
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